In this communication we report the design of a clock recovery circuit produced for the 20 Gbitis demonstrator of the RACE 201 1 project "TRAVEL" of the European Community. The clock recovery circuit is based on an open ioop structure using a dielectric resonator narrow bandpass filter with high quality factor.
INTRODUCTION
For very high transmission rates, the clock recovery circuit (CRC) is the one of the most critical receiver units. It is essential for any retimed receiver to have a high quality CRC to provide from the received data signal, a very precise local clock in order to perform accurately the regeneration and demultiplexing operations.
Clock recovery circuits can be classified into two groups: open-loop structures and closed ioop or adaptive structures. The former is usually built using a nonlinearity which is necessary whenever the incoming signal lacks a discrete spectral line at the transmission rate and a narrowband filter to take out this spectral line from the remain spectrum. The latter approach makes use of the phase-lock principle and it may simply consist of a nonlinearity followed by a PLL or it can take more complex forms such as maximum-likelihood trackers1 or early late gate bit synchronizers2. From a conceptual point of view the adaptive approach is preferable since the phaselock principle has inherent AFC capabilities and thus one can offer low bandwidths without loosing tuning capabilities. Also this approach offers the potential of complete integration. However for the highest bit rates pursued at the moment the technology needed for a good design is still not completely mature and the open loop solution based on a high Q filter is preferable.
In this communication we report the design and characterization of a clock recovery circuit based on this second solution incorporated into 20 Gbit/s demonstrator of the RACE 2011 project "TRAVEL" ("(HD) TV Transport on Very High Bitrate Optical Links"). Fig.  1 . The circuit includes a pre-amplifier, a pre-filter, a NLC, a DR filter and a narrow bandwidth amplifier. The pre-amplifier has the main purpose of providing a suitable level to drive the non-linear circuit. The prefilter is intended to shape the signal so that the jitter caused by the pattern fluctuations is reduced3. This filter consists of a microstrip coupled line section centred at 15 GHz. The overall transfer function of the pre-amplifier more pre-filter when combined with input data signal of raised-cosine formatting with approximately 50%roll-off gives a significant reduction of the jitter caused by the data fluctuations.
The non-linearity (NL) was built using a GaAs FET device biased in the subthreshold region in such a way that half the signal excursion fall below the pinchoff voltage, providing a nonlinearity close to a truncated square law device. For the bit rate under consideration the solution of using an unbalanced NL was chosen instead of the balanced NLs. The unbalanced NLs are simpler to implement and robust enough to be used in a wide class of practical systems at multigigabit regime4. It was demonstrated from simulation study5 that for raised cosine elementary pulses with moderate to high roll-off factors the degradation in performance by using this type of truncated NL is negligible compared with the more common absolute value and full squarer NLs.
The performance of the CRC is highly dependent on the narrow band filter efficiency in filtering the clock line from the continuos spectrum. This filter must have a very high quality factor, a precise center frequency with a low temperature drift. Fig. 2 shows the range of different technologies used to build the narrow band filter as a function of the clock rate. At low bit rates the narrowband filter is usually a tuned LC network. Up to a couple of Gbit/s, filters that exploit the interference of acoustic surface waves (SAW) have been used6. However for bit rates above a couple of Gbit/s, SAW filters become very difficult to manufacture, because the required spacing between electrodes is very small. For these frequencies the most promising device to build the passive filter is the DR filter. Considerable progress has been done in the last years towards providing DR with good stability in temperature and losses considerably inferior to the ones obtained with SAW devices. These features make the DRs a good choice for the 94 / SPIE Vol. 2449 data clock bit rates in the range 5-20 Gbitls7'8'9. Furthermore due to the high dielectric constant, the devices are available for these frequencies in small sizes which enables circuit miniaturisation. The Q of the DR filter represents a trade-off between two factors: the allowable dynamic jitter and the sensitivity to detuning. In order to minimise the dynamic jitter the Qvalue should be the highest possible. However due to ageing and temperature effects the filter may undergo some detuning. The detuning affects the performance in two ways:
-It will cause a static phase offset of the recovered clock which shifts the average sampling point from its optimum position and causes a performance degradation.
-It will give rise to an increase of the dynamic jitter. With the DR detuned the amplitude of the filtered discrete spectral line is reduced thus enhancing the relative power of the noise sidebands. The increase in jitter is still more pronounced than the inverse of the discrete line reduction for the following reason: the disturbance at the input of the filter is a nonstationary process and its in-phase component is stronger than the quadrature component12. If the DR is perfectly tuned only the quadrature component causes phase jitter, the in-phase component causing only amplitude fluctuations. With detuning, part of the AM noise will be converted into FM noise thus increasing the jitter. For robustness against detuning, the value of Qshouldbe low.
Assuming a maximum detuning of±0.5/1000 and taking the targets of 0.025U1 rms for the dynamic jitter and 0. 1 UI maximum static offset, it was found following an approaching similar to Gameiro13 that the optimum Q for the DR should be near 700.
Several filter versions have been tested and implemented using DRs whose characteristics are illustrated in Table 2 . The DRs were polished to decrease slightly the thickness with the intend that the resonant frequency was in the range -10% to -5% of resonant frequency. The final frequency tuning was accomplished by a metallic tuning screw. Using these procedures the DRs can be tuned for the desired resonant frequencies without significant degradation of the Q-factor and also good temperature stability. Table 3 summanses the experimental maximum variation range of the insertion loss and phase slope for a QL-factor in range 600 to 800.
Q-factor 600 to 800
Phase slope 3°/MHz to 4°/MHz Llnsertion loss at center frequency <4.5 dB (with conectores) Table 3 . Electrical characteristics of DR-filters for a Q-factor in range of 600 to 800.
The experimental magnitude and phase responses of the DR filter are illustrated in Fig. 3 . The insertion loss, including the SMA connectors, is 2.7 dB, the Q value is approximately 750 and the phase slope is 4.4 oi9 Fig. 3 -The experimental magnitude and phase responses of the dielectric resonator filter Fig. 4 shows the resonance frequency drift of the filter when a DR with a temperature coefficient of 0 ppm?C was used. From the experimental data the temperature coefficient of DR filter is -4 ppm?C (-80 KHz/'C). This temperature dependence can be compensated by using a DR with a symmetric temperature coefficient. Such DRs are commercially available, for example from Murata DRDO33EEO15 However this has not been done since for the whole temperature operation (+10 to 50°C) the static jitter at the clock output is less than the project specifications shown in Table 1 as will be illustrated by the experimental results presented in next section.
•MN . Figure 5 shows the produced 20 Gbitls DR filter prototypes with and without the case. The physical sizes of these units are 19.5x35. 1x18 mm (LxWxH) and use SMA connectors. The clock amplification stage has three main purposes: To provide the required clock signal levels, to reduce the magnitude of the DR filter spurious modes and also to isolate the clock recovery circuit system from the subsequent units. This amplifier stage consists of two cascaded Ka-band pseudomorphic HJ FET chip transistors (NEC-NE32400) assembled on a hybrid form. Microstrip coupled lines instead of chip capacitors were used for DC decoupling. Using this approach a symmetric narrow bandwidth with a high roll-off attenuation out-of-band were achieved as illustrated from the measured S parameters depict in Fig. 6 . The pass-band gain is approximately 12.7 dB. i.0000 0Hz 31.0000 1.0000 0Hz 31.0000
EXPERIMENTAL RESULTS OF OVERALL CIRCUIT
Due to the lack of commercial data pattern generators for the bit rates under consideration, the 20 Gbit/s signal was generated using a 10 Gbitls pseudo-random bit sequence (PRBS), which was split into two sequences and one of them delayed. After that the two sequences were multiplexed giving the 20 Gbit/s signal. Using this setup, we obtained the spectral and time domain measurements of the clock recoveiy circuit, for two multiplexed 2231 NRZ pseudo-random bit sequences (PRBS), illustrated in Figs. 7 and 8. 
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The jitter performance of the CRC for the PRBS of lengths 2-1 and 2234 is shown in Figs. 9 where the measured RMS dynamic jitter is plotted for various values of the filter detuning. For a PRBSoflength 2231 it can be seen that specifications for a maximum dynamic jitter of 0.025 UI allows a detuning larger than MHz. Clock phase deviation versus filter detuning is illustrated in Fig. 10 . For a maximum phase deviation (static jitter) of 0. 1 UI the CRU allows a detuning of 6 MHz. As refereed in previous section, the measured temperature sensitivity ofthe DR filter was 4 ppm/°C (-80 KHzP'C) and consequently the allowable detuning range of 6 MHz accommodates a temperature span higher than the operating temperature specifications of 10°C to 50°C. 
CONCLUSIONS
A clock recovery circuit for an optical fiber communication system at 20 Gbit/s was build and characterized. This unit uses a dielectric resonator to implement a high Q filter, a pre-filter to reduce data pattern jitter and also a bandpass amplifier with sharp cut-off to reduce the DR spurious resonances and noise. Particular emphasis has been put on the design of the circuit to guarantee easy reproducibility, manufacturing and good performance over a wide range of operating conditions to make the circuit suitable for practical systems.
